Plant germ cells develop in specialized haploid structures, termed gametophytes. The female gametophyte patterns of flowering plants are diverse, with often unknown adaptive value. Here we present the Arabidopsis fiona mutant, which forms a female gametophyte that is structurally and functionally reminiscent of a phylogenetic distant female gametophyte. The respective changes include a modified reproductive behavior of one of the female germ cells (central cell) and an extended lifespan of three adjacent accessory cells (antipodals). FIONA encodes the cysteinyl t-RNA synthetase SYCO ARATH (SYCO), which is expressed and required in the central cell but not in the antipodals, suggesting that antipodal lifespan is controlled by the adjacent gamete. SYCO localizes to the mitochondria, and ultrastructural analysis of mutant central cells revealed that the protein is necessary for mitochondrial cristae integrity. Furthermore, a dominant ATP/ADP translocator caused mitochondrial cristae degeneration and extended antipodal lifespan when expressed in the central cell of wild-type plants. Notably, this construct did not affect antipodal lifespan when expressed in antipodals. Our results thus identify an unexpected noncell autonomous role for mitochondria in the regulation of cellular lifespan and provide a basis for the coordinated development of gametic and nongametic cells.
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cell-cell communication | gametes | programmed cell death I n angiosperms, gametes form in few-celled haploid structures, termed gametophytes. The female gametophyte of most flowering plants originates from a single haploid spore through three syncytial division cycles. Subsequent cellularization generates two synergids, three antipodal cells, and two types of female gametes, an egg and a central cell. The different cell types have distinct functions in the reproductive process. Synergids mediate short-range pollen tube attraction and direct the subsequent release of the two sperm cells (1) . The fertilized egg gives rise to an embryo, and the fusion of the second sperm cell with the central cell initiates the formation of endosperm, which nurtures the developing embryo. The central cell initially comprises two haploid polar nuclei, which, in many flowering plant species, fuse before fertilization, generating a diploid secondary nucleus (2) . The diploid status of the central cell translates into triploid endosperm with a maternal/paternal ratio of 2:1. This ratio has been shown to critically impact on seed size as, for example, a relative decrease in the maternal contribution results in bigger seeds (3) . Antipodals, the accessory cells that lie adjacent to the central cell, might also play a nutritive role by transferring nutrients from the maternal sporophyte to the female gametophyte (4) . In several grass species, like wheat and maize, antipodal cells proliferate (5) . By contrast, in most higher eudicots antipodal cells do not persist but undergo programmed cell death (PCD) (4) (Fig. 1  A-C) . The adaptive value of this derived developmental program (2) is unclear. Recent studies have demonstrated a remarkable developmental plasticity of antipodal cells: in lachesis and clotho mutants, which are defective for the putative splicing factors PRP4 and Snu114, respectively, antipodals can adopt a central cell fate (6, 7) . Furthermore, overexpression of an auxin biosynthesis gene can activate egg cell marker expression in antipodal cells (8) . The gametic potential of antipodal cells has raised the hypothesis that antipodal cells act as a backup in case of gametic failure (6).
However, to this end it is not known how PCD in antipodal cells is activated or bypassed. In the present work we show that PCD in antipodals is suppressed after mitochondrial dysfunction in the central cell. Our results thus provide a mechanistic basis for the coordinated development of both cell types and reveal a unique noncell autonomous mechanism for the regulation of cellular lifespan.
Results and Discussion
FIONA Is Necessary for the Fusion of Central Cell Nuclei. We have isolated the fiona mutant in an ethyl methanesulfonate (EMS)-induced screen for female gametophytic mutants. Heterozygous fiona plants exhibit 24 .6% infertile seeds ( Fig. 1 D and E; n = 1045), suggesting that homozygous fiona mutants are embryo lethal. Light microscopy inspection revealed that the infertile seeds correspond to early embryo and endosperm arrests, revealing an essential role of FIONA during seed development (Fig. S1 ). Because we could not recover homozygous plants, we performed all of the analyses on heterozygous mutants, which segregate 50% wild type and 50% mutant gametophytes. In wild type, the central cell initially comprises two haploid polar nuclei, which mainly fused before fertilization, resulting in the formation of a large secondary nucleus ( Fig. 1 F and H) . By contrast, in most fiona female gametophytes, polar nuclei size was slightly reduced and the nuclei failed to fuse ( Fig. 1 G and H) . Defects in polar nuclei fusion have been reported for several female gametophytic mutants (9) (10) (11) . In lachesis and clotho mutants, the fusion defect is a likely consequence of a misspecified central cell (6, 7) . To test whether fiona central cells were similarly affected, we introduced two central cell markers. Marker expression in fiona/FIONA was comparable to wild type ( Fig. 1 I-L) , suggesting that the central cell identity was not broadly perturbed.
FIONA Regulates PCD of Antipodal Cells. In addition to the alterations in central cell development, we frequently observed persistent antipodal cells in fiona mutant gametophytes ( Fig. 1 F-H) , indicating that the developmental program that ultimately results in antipodal cell death requires FIONA activity. In lachesis and clotho mutants, defects in antipodal cell death correlate with the progressive conversion of antipodal cells into central cells (6, 7) . By contrast, fiona antipodals did not seem to switch cell fate, as evidenced by the correct expression of two antipodal cell markers ( Fig. 1 M-P) and a lack of pMEA::NLS_GUS central cell marker expression in antipodal cells (n = 499). These results indicated that FIONA interferes with a process downstream of antipodal cell commitment but upstream of the PCD pathway. The overall morphology of the egg cell and synergids in fiona mutants was normal, and egg cell marker expression was unaltered ( This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: rita.gross-hardt@zmbp.unituebingen.de.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1012795108/-/DCSupplemental. and B). Light-microscopy inspection revealed an occasional increase in synergid nucleolus size (5%, n = 342), and expression of the synergid marker ET2634 (6) was slightly reduced (Fig. S2  C-F) . This phenotype, however, did not affect the pollen tube attracting activity of the synergids (Fig. S2G ).
Nuclear Fusion in fiona Central Cells Relies on Paternal Cues. A common feature of previously described polar nuclei fusion mutants is their reduced fertility (6, 7, 9, 11) . Most of these mutants fail to proceed beyond the haploid phase. The recently described bip1-4 bip2-1 double mutant does get fertilized despite an apparent polar nuclei fusion defect; however, the resulting seeds abort (12) . In bip1-4 bip2-1, central cell proliferation seems to be initiated prematurely after fusion of the male sperm nucleus to only one of the polar nuclei, resulting in the formation of diploid instead of triploid endosperm.
To our surprise, fiona gametophytes were fully fertile when pollinated with wild-type pollen ( Fig. 2A) , and the fiona mutation was transmitted through the female without significant decrement (Fig. 2B) . Importantly, the frequency of unfused polar nuclei in fiona female gametophytes remained constant even when the flowers were kept artificially unfertilized over a period of 4 d (n = 140). This contrasts markedly with the situation in, for example, slow walker1 and slow walker2 mutants, in which unfused polar nuclei result from a developmental delay of the female gametophyte (13, 14) . We therefore reasoned that the fertility of mutant gametophytes was likely to be due to a fertilization-triggered polar nuclei fusion. Alternatively, we could not exclude the possibility that in fiona, similar to the situation in bip1-4 bip2-1 double mutants, diploid endosperm is formed, resulting from fusion of the male sperm nucleus to one of the haploid polar nuclei. The latter scenario would consequently affect the maternal/paternal ratio of the endosperm. We, therefore, measured seed size and determined endosperm ploidy as an indirect readout of polar nuclei fusion. Seeds derived from fiona/FIONA plants were comparable in size to wild-type seeds (wild type 429 μm, n = 533; fiona/FIONA 432 μm, n = 484). Furthermore, the endosperm nuclei in fiona/ FIONA seeds were uniform in size and did not differ from wild type (n = 156 for wild type; n = 154 for fiona/FIONA), which contrasts with the situation in bip1-4 bip2-1 double mutants, which exhibit irregular nuclei size in the endosperm (12) .
Additionally, flow cytometry analysis of fiona/FIONA seeds detected a 3C peak, as in wild type ( Fig. 2 C and D) . This profile contrasted with the one generated for fie/FIE mutants ( which form autonomous diploid endosperm in the absence of fertilization (15) . To trace the fusion of male and female gametes during fertilization in fiona gametophytes, we generated fiona/ FIONA plants expressing a nuclear-localized GFP under control of the gametophyte specific promoter pAt5g40260 (16). We then pollinated fiona/FIONA, pAt5g40260::NLS_GFP plants with pollen expressing the sperm cell-specific reporter gene HTR10-mRFP1 (17) . In fiona gametophytes, we observed unfused polar nuclei, of which one had fused with a sperm nucleus ( Fig. 2 F-I) , confirming that central cell nuclei in fiona can undergo karyogamy (n = 9). Intriguingly, the female gametophyte of fiona mutants shares morphological and mechanistic similarities with the female gametophyte of several grass species, such as wheat. In wheat, nuclei fusion in the central cell is initiated after fertilization by heterotypic fusion between the male sperm nucleus and one of the polar nuclei (18) . Furthermore, antipodal cells do not undergo PCD but persist. In view of the similarities between the fully fertile fiona gametophytes and the gametophyte pattern of wheat, it is tempting to speculate whether a FIONA-related mechanism has been used during evolution, accounting for part of the diversity found among flowering plant female gametophytes.
The Gametic Central Cell Triggers PCD of Adjacent Antipodal Cells.
We mapped the fiona mutation to the At2g31170 locus, which codes for SYCO ARATH, one of three cysteinyl-tRNA synthetases encoded by the Arabidopsis genome (19) . In the following we will refer to the gene as SYCO and to fiona as syco-1. In syco-1, a single base pair mutation causes an amino acid exchange from histidine to tyrosine on position 297 of a total of 563 amino acids (Fig. 3A) . This histidine is one of five conserved histidine residues at the base of the catalytic center and is important for protein function in Escherichia coli (20) . Expression of SYCO genomic DNA, driven by a 1.25-kb upstream promoter fragment, was able to rescue the mutant phenotype, suggesting that syco-1 is a loss-of- function mutation (Fig. 3B) . RT-PCR detected SYCO expression throughout the plant (Fig. S3A) . To determine the temporal and spatial expression pattern of SYCO in the female gametophyte, we generated promoter reporter constructs and determined SYCO mRNA distribution using in situ hybridization. In mature female gametophytes, a clear hybridization signal was found in the central cell ( Fig. 3 C-F ). In agreement with this, GUS expression in the female gametophyte of pSYCO::NLS_GUS plants was exclusively detected in the central cell (Fig. 3G) . We did not detect any pSYCO::NLS_GUS expression before cellularization ( Fig. S3 B and C; n = 250). These results suggest that the extended lifespan of syco-1 antipodal cells is an indirect consequence of the modified developmental program of the central cell. To test whether central cell expression of SYCO was sufficient to complement the mutant defects, we expressed a SYCO_GFP fusion protein under the control of the central cell specific MEDEA (MEA) promoter (Fig.  3H) , which did not confer expression before cellularization in syco-1/SYCO pMEA::SYCO_GFP plants (n = 115). As expected, expression of pMEA::SYCO_GFP in a syco-1 mutant background reconstituted the original central cell program, resulting in polar nuclei fusion (Fig. 3I) . Importantly, PCD of antipodals was also restored to wild-type levels (Fig. 3J) , indicating that antipodal cell death is triggered by the central cell. The competence of the antipodals to adopt a gametic cell fate has led to the hypothesis that antipodals might serve as a backup for the central cells (6) . Our results imply that central cell integrity is a critical parameter determining antipodal lifespan, which is in agreement with this theory.
Mitochondrial Dysfunction in the Central Cell Extends Antipodal
Lifespan. SYCO possesses two splice variants (Fig. 3A) . In contrast to SYCO.2, SYCO.1 contains a unique N-terminal domain, which, in transient expression studies, was shown to target GFP to the mitochondria and chloroplasts (21) . To determine which splice variant is generated in the female gametophyte, we amplified cDNA from plants expressing SYCO_GFP in the central cell, using primers that discriminated against endogenous SYCO cDNA. By this means, we mainly detected SYCO.1, indicating that the predominant variant generated in the central cell contains the dual targeting sequence (Fig. 3K) . To determine the subcellular localization of SYCO in planta, we analyzed the GFP-tagged version of the protein in the central cell. pMEA:: SYCO_GFP accumulated in patches and colocalized with the mitochondrionspecific dye MitoTracker Orange (Fig. 4 A-D) .
The subcellular SYCO distribution prompted us to investigate the mitochondria in the central cell and antipodal cells of syco-1 gametophytes. Ultrastructural analysis on sections of wild-type gametophytes detected mitochondria containing numerous clearly visible cristae (Fig. 4 E and G-I) . Corresponding sections of syco-1 gametophytes revealed a regular morphology in the mitochondria of antipodal cells (Fig. 4 J and L) . By contrast, the mitochondria of the central cell lacked regular cristae (Fig. 4 F and K and Fig. S4 ), indicating that SYCO is necessary for the integrity of central cell mitochondria.
To determine whether there is a causal relationship between the integrity of central cell mitochondria and the lifespan of antipodals, we aimed to specifically impair the mitochondrial function in the central cells of wild-type plants. The mitochondrial ATP/ ADP translocator AAC is a key enzyme in the inner membrane of mitochondria, and the ADP/ATP catalyzing function of AAC2 is conserved between yeast and plants (22) . In yeast, a dominant mutation is described which impairs the electron transport chain, resulting in membrane uncoupling (23) . We introduced an analogous mutation into Arabidopsis AAC2 (Fig. S5 ) and expressed this dominant version from a central cell promoter. As expected, pMEA::aac2 A199D _GFP hemizygous plants segregated 50% gametophytes which expressed the construct specifically in the central cell (Fig. 5A) . Ultrastructural analysis revealed that the respective central cell mitochondria lack regular cristae (Fig. 5 B and C) , confirming the conserved role of AAC2 for mitochondrial mem- brane integrity. We next analyzed the morphology of pMEA:: aac2 A199D _GFP plants by performing cleared whole mounts. In two independent transgenic lines we observed unfused polar nuclei (Fig. 5 D, F, and G) , indicating that nuclei fusion in the central cell is indeed a mitochondria-dependent process. Importantly, this construct additionally repressed PCD of antipodals (Fig. 5 E-G) . By contrast, expression of aac2 A199D in antipodals, making use of the promoter pHSFa2 (Fig. 5H) , did not significantly affect antipodal PCD, as evidenced by the analysis of independent transgenic lines ( Fig. 5 I and J) . Our data thus establish an essential role of central cell mitochondria for antipodal PCD.
Conclusions
Mitochondria are the principal energy source of the cells. In plants, they have also been implicated in polar nuclei fusion, which is prohibited after mutations in the mitochondrial ribosomal subunit L21 (11) or a mitochondria-localized DnaJ protein (9) . Here we have shown that cristae degeneration induced by expression of the dominant aac2 A199D allele prevents polar nuclei fusion, confirming the proposed role of mitochondria during nuclear fusion (11) (Fig. 5K) . Mitochondria have, in addition, long been recognized to be associated with PCD in both plants and animals (24, 25) , and their dysfunction has been shown to correlate with cell and organismal aging in yeast, invertebrates, and mammals (26) . Seemingly paradox, the reduction of mitochondria function can also extend lifespan as shown for Caenorhabditis elegans and Drosophila (27, 28) . The mechanisms that underlie lifespan extension are elusive; however, one theory is that reactive oxygen species, which accumulate as a byproduct of a functional electron transport chain, enhance aging through their damaging effects on mitochondrial DNA (26) . Our results suggest that the function of mitochondria in lifespan regulation is conserved in plants. However, the spatial discrepancy between the mitochondrial defect in the central cell and the PCD defect in antipodals is surprising and reveals that mitochondria dysfunction can affect cellular lifespan in a noncell autonomous manner (Fig. 5K) . The data presented here extend the current view of mitochondriaassociated lifespan regulation and draw the attention away from the dying cell and toward adjacent nondying cells as a potential cause for PCD.
syco-1 provides a fascinating example of how small-scale molecular changes can affect complex reproductive traits. The similarity between the female gametophytes of syco-1 and grasses, together with our finding that SYCO is required for mitochondrial cristae integrity, might suggest that differences in the metabolic profile between Arabidopsis and wheat central cells account for the distinct female gametophyte patterns of these phylogenetic distant plant species. This theory will remain a topic for future investigation.
Materials and Methods
Plant Material and Growth Conditions. Plants were grown on soil in growth chambers under long-day conditions (16 h light/8 h dark) at 20°C. The syco-1 allele was isolated from plants containing markers ET1119 and GT3733 (6) in the Landsberg erecta (Ler) accession after mutagenesis; seeds were mutagenized by incubation in 0.15% EMS for 10 h.
Molecular Cloning and Complementation. Mapping of syco-1 was performed as described previously (29) using polymorphisms annotated by CEREON (30) . The Columbia accession (Col-0) was used as the crossing partner. syco-1 was located to chromosome 2 in an area of 20 kb between polymorphisms CER442808 and CER442815 on BAC T16B12/F16D14. We sequenced all ORFs in this interval and identified a single heterozygous locus in At2g31170.
To generate the pSYCO::SYCO complementation construct, a 1,253-bp promoter fragment upstream of the start codon was PCR-amplified from genomic DNA using primers 5′-AGTGAGGCGCGCCTTTTGATTTTGATTTTGT-GTTGTTTTTGTCGTTAAGAC-3′ and 5′-AGTGATGATCATGGTGTGGAACGATA-AGCTCCTTC-3′. The annotated SYCO ORF was amplified from Ler genomic DNA using primers 5′-AGTGATTAATTAAACTAGTATGGCTTCTTCTGTCCTTA-ATCTCTTC-3′ and 5′-GAAAAATTATTACGTATCTCATACC-3′. For the translational fusion construct, genomic SYCO was amplified using 5′-ACTGACAATTGA-GGTGTAGTAGTTACAGGTTCTTG-3′ as antisense primer, released PacI/MfeI and cloned in front of an eGFP lacking the start codon. AAC2 was amplified from Ler cDNA using the primers 5′-GTTAATTAATGGTTGAACAGACTCAGC-ACC-3′ and 5′-ACAATTGGGCACCTCCAGATCCATACTTC-3′. The point mutation A199D was inserted by site-directed mutagenesis (31) using the primer 5′-P-AGGCACCAtCAGCACCTC-3′. The mutated aac2 A199D was cloned PacI/MfeI in front of an eGFP lacking the start codon. To generate the pSYCO::NLS_GUS construct, the same promoter fragment as used for complementation was cloned into binary vector pGIIBar-pLIS::NLS_GUS in place of the LIS promoter (6) . For amplification of the previously published MEA promoter (6) primers 5′-AGTGAGGCGCGCCAATAGGTCGAGAAAATGCTGTGAATCG-3′ and 5′-AGTG-ACGATCGTAACCACTCGCCTCTTCTTTTTTTCTC-3′ were used. For amplification of pAT5g40260 (16), primers 5′-AGTGAGGCGCGCCTTTCTGTACTTTTGAAAATA-3′ and 5′-AGTGATTAATTAATAAAATCGCCGTTTACAAA-3′ were used.
PCR-based Genotyping. Plants were genotyped for the syco-1 allele using primers 5′-CCAATTCAGATTCTTGATAATGGC-3′ and 5′-AAGTCTCAGAGCAAGA- GGATG-3′. The resulting 661-bp fragment was digested with HphI, yielding two fragments of 133 bp and 528 bp from the product of the syco-1 allele and three fragments of 133 bp, 260 bp, and 268 bp from the product of the wildtype allele. To discriminate against the transgene in plants containing pSYCO:: SYCO or pMEA::SYCO_GFP, primers 5′-CATTGAATACTTGTTTACTCATTTAA-GTC-3′ and 5′-ATCACTAACAAAGTATAACCATTAAGC-3′ were used. The resulting 2,248-bp fragment was digested with HphI, yielding 192-bp and 2,056-bp fragments in wild type.
Reverse Transcription-Polymerase Chain Reaction. RNA isolation, reverse transcription, and RT-PCR were performed as previously described (6) . SYCO cDNA was amplified using primers 5′-AATGGTTTTGTTACTGTTGACTCC-3′ and 5′-AAGTCTCAGAGCAAGAGGATG-3′. To discriminate between the two splice variants in female gametophytes, cDNA from gynoecia (2 d after emasculation) of pMEA::SYCO_GFP plants was amplified using primers 5′-CTTCTTCTGTCCTTAATCTCTTC-3′ and 5′-AACTTCAGGGTCAGCTTGC-3′ and digested with BspMI.
Flow Cytometry. For flow cytometry analysis, seeds containing heart-stage embryos were crushed in a 2-mL test tube with nuclear extraction buffer (CyStain UV-precise kit; Partec) using a pistil. For analysis of autonomous endosperm formation in fie, seeds from emasculated flowers were harvested. The cells were filtered through a 50-μm CellTrics Filter (Partec) and stained with nuclear staining buffer (CyStain UV-precise kit). Flow cytometry was performed on a Partec Ploidy Analyzer (32) . Extraction from young leaves was taken as a reference value.
Histology and Microscopy. For analysis of mature gametophytes, the oldest closed flower bud of a given inflorescence was emasculated and harvested 2 or 4 d later. For counting endosperm nuclei in syco-1/SYCO and wild type, whole-mount clearings of 3-d-old crosses with wild-type pollen were analyzed. Cytochemical staining for GUS activity and whole-mount clearings were performed as described previously (6) . The GFP constructs and MitoTracker Orange (Molecular Probes) were observed using a Leica TCS-SP2 confocal scanning microscope. Confocal images were obtained with a 63× water-immersion objective lens and via Leica Confocal software. For analysis of the nuclear fusion event, emasculated flowers were pollinated with HTR10-mRFP1 (17) and analyzed under a Leica DMI6000B 10-14 h after pollination.
In situ hybridization on emasculated flowers was performed as described previously (33) . The antisense riboprobe was amplified using primers 5′-CTTCTTCTGTCCTTAATCTCTTC-3′ and 5′-TAAGCTTTAATACGACTCACTATAGG-GAGACTCAAGAGTACATCGAAAGTGAC-3′, the sense probe was amplified using primers 5′-TAAGCTTTAATACGACTCACTATAGGGAGACTTCTTCTGTCCT-TAATCTCTTC-3′ and 5′-CTCAAGAGTACATCGAAAGTGAC-3′.
Ultrastructural analysis of high-pressure frozen, freeze-substituted, and resin-embedded ovules was carried out as previously described (34) .
Statistical Analysis. Mutant transmission efficiency was analyzed using a χ 2 test.
